; à 33°C, les réactivités relatives des disaccharides vis-à-vis du Cr(VI) sont les suivantes: Mel > Lac > Cel > Mal. En milieu acide, il se forme du Cr(V) comme intermédiaire qui réagit avec le substrat plus rapidement que le Cr(VI). Les spectres de RPE montrent qu'il se forme des intermédiaires penta-et hexacoordinés d'oxo-Cr(V) dans lesquels le disaccharide agit comme ligand bidentate. Les espèces pentacoordinées oxo-Cr(V) sont présentes à toutes les [H + ] alors qu'on n'observe les espèces hexacoordinées qu'à des pH < 2 et que dans ces conditions elles se décomposent rapidement en produits d'oxydoréduction. À des pH allant de 3 à 7 où on n'observe pas de formation des espèces hexacoordinées d'oxo-Cr(V), les complexes de Cr(V) sont suffisamment stables pour être observés en solution pour des périodes allant de plusieurs jours à plusieurs mois.
Introduction
Compounds of Cr VI represent a potential environmental hazard because of their mammalian carcinogenicity and toxicity (1, 2), and they are known to bioaccumulate in flora and fauna, creating ecological problems (3) (4) (5) . The observation of Cr V and Cr IV intermediates in the selective oxidation of organic substrates by Cr VI and their implication in the mechanism of Cr-induced cancers (1, (6) (7) has generated a considerable amount of interest in their chemistry and biochemistry (8) (9) (10) .
The major coordination sites involved in Cr binding are hydroxo, alcoholato, carboxylato, and thiolato donor groups (2, (11) (12) . Five-membered, O-donor, chelate ligands, such as 1,2-diols and 2-hydroxy acids, are effective as nonenzymatic reductants (at low pH values) and chelates for high oxidation states of Cr (13) (14) (15) (16) (17) (18) (19) . Carbohydrates constitute 5-20% (average 10%) of soil organic matter, and they constitute more than 50% of dry matter in plants (20) . For this reason, it is interesting to examine the ability of saccharides and their derivatives to reduce or stabilize high oxidation states of Cr, to understand their potential roles in the biochemistry of Cr.
We are studying the possible fate of Cr VI and Cr V in biological systems by examining reactions of Cr VI with low-molecular-weight molecules (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) . Our studies on the reduction of Cr VI and the intermediate Cr V by aldoses (21) (22) (23) (24) (25) (26) , deoxyaldoses (27) (28) , sugar acids (31, 32, 35) , and methyl glycosides (29) (30) showed that the relative redox reactivities of these saccharides toward chromate are based on the relative rates of the oxidation vs. complexation processes. In view of some preliminary results obtained on the milk-Cr VI system suggesting the formation of long lived lactose-Cr V species generated by direct reaction of Cr VI with lactose (5), we decided to evaluate the kinetics of the reaction of Cr VI with four disaccharides: D-lactose (Lac), D-maltose (Mal), D-cellobiose (Cel) , and D-melibiose (Mel), to determine the influence of the glycoside moiety attached to the C 6 or C 4 of glucose (glc) on the chelating and (or) redox reactivity of the saccharide with high oxidation states of chromium.
Lac, the most important representative of the bgalactosides, is found in the milk of all mammals up to a concentration of approximately 5% and in some plants in low concentrations. Mal is a product of enzymatic hydrolysis of starch; Mel is a constituent of the trisaccharide raffinose; and Cel is the basic repeating unit of cellulose and lichetin (38) . In this work, we study the Cr VI oxidation of these four disaccharides and provide information on the mechanism of oxidation as well as on the structure and stability of the Cr V species formed as redox intermediates.
Experimental
Materials D-Lactose monohydrate (Anedra, RA-ACS grade), D-maltose monohydrate (Sigma grade, 99%, less than 1.0% of maltotriose and less than 0.3% of D-glucose), D-melibiose (Sigma grade), D-cellobiose (Pfanshtiehl 99.9%), potassium dichromate (Cicarelli c.a.), potassium chromate (Aldrich grade), glutathione (Sigma grade), acrylonitrile (Aldrich grade), perchloric acid 70% (Merck P.A.), phosphoric acid (Anedra P.A.), and sulfuric acid (Merck P.A.) were used without further purification. Water was purified by deionisation, followed by double distillation from a potassium permanganate solution.
In experiments performed at constant ionic strength (I = 1.0 M) and in different hydrogen ion concentrations, mixtures of sodium perchlorate solutions and perchloric acid solutions were used. Sodium perchlorate solutions were prepared from sodium hydroxide and perchloric acid solutions. The concentration of stock solutions of perchloric acid was determined by titration using standard analytical methods.
The stability of the organic substrate under conditions used in the kinetic studies was tested by paper chromatography and HPLC at given hydrogen ion concentrations.
Caution: Cr VI compounds are human carcinogens, and Cr V complexes are mutagenic and potential carcinogens (39) . Contact with skin and inhalation must be avoided. Acrylonitrile is a carcinogen and must be handled in a wellventilated fume hood (40) .
Spectrophotometric measurements
Kinetic measurements were performed by monitoring absorbance changes using a Jasco V-530 spectrophotometer with a fully thermostated cell compartment (±0.2°C). The reactions were followed under pseudo-first-order conditions, using an excess of disaccharide over Cr VI . Reactant solutions were previously thermostated and transferred into a 1-cm pathlength cell immediately after mixing. Experiments were performed at 33°C unless otherwise stated.
The disappearance of Cr VI was followed at 350 nm until at least 80% of the Cr VI was consumed. In the kinetic measurements, the concentration of Cr VI was kept constant at 8.0 × 10 -4 M and the disaccharide concentration was varied from 0.08 to 0.36 M. Mixtures of sodium perchlorate and perchloric acid were used to maintain a constant ionic strength (I) of 1.0 M.
The observed pseudo-first-order rate constants (k obs ), determined from the slopes of plots of ln(A 350 -A 8 ) vs. time, were averages of at least three determinations and were within ±5% of each other. (29, 31, 43, 44) . The hydrolysis of the Cr III -aldobionic acid complex in 0.2 M HClO 4 precludes its separation, and consequently, its structural characterization. At pH > 2, where these kind of complexes are stable enough toward hydrolysis to be characterized (44, 45) , the redox reaction between Cr VI and the disaccharide is extremely slow at the temperature used in this work and does not reach completion, even after 1 year. The reaction of chromate with saccharides is completed in shorter periods only when the reaction is allowed to proceed under reflux (44, 45) .
Chromate esters were investigated by UV-vis spectrophotometry in the 350-400 nm region in which these esters show characteristic absorption bands. Reactions were performed at pH 4.7, where the redox reaction is slow enough to enable the observation of the ester formation. The instruments were zeroed to both the reference and sample beams passing through matched cuvettes, both containing Cr 4 , and then the samples were filtered through a 0.2 mm membrane prior to injection into the chromatographic system.
Standard solutions of the disaccharides and aldobionic acids were prepared individually in 0.10 M HClO 4 and chromatographed separately to determine the retention time of each sample. D-Maltobionic acid, D-cellobionic acid, and D-melibionic acid, used as standards, were synthesized according to the literature methods (48) . The stability of the disaccharides and their respective acids was controlled by HPLC. Chromatograms registered after incubation of the standard samples in 0.2 M HClO 4 (the highest [H + ] used in the kinetic measurements) at 34°C over 48 h were identical to those of freshly prepared samples.
Experimental conditions and retention times for the disaccharides and oxidation products are given as supplementary material.
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EPR measurements
The EPR spectra were obtained on a Bruker ESP 300 E spectrometer. The microwave frequency was generated with a Bruker 04 ER (9-10 GHz) and measured with a RacalDana frequency meter. The magnetic field was measured with a Bruker NMR-probe gaussmeter. All of the EPR experiments were carried out at 20°C. Reactions were carried out by direct reaction of K 2 Cr 2 O 7 with 16-to 33-times excess disaccharide at a given pH or by addition of Na 2 CrO 4 (8.3 mM) + glutathione (8.3 mM) to solutions of disaccharide (83 mM) at pH 5.0 and 20 ± 1°C. EPR spectra were simulated using the program PEST WinSIM (49) 
Results
Cr VI oxidation of disaccharides
Over the whole range of perchloric acid concentrations used in the kinetic measurements, UV-vis studies showed that the reaction of each of the studied disaccharides with Cr VI resulted in an absorbance band at 350 nm and a shoulder at 420-500 nm, characteristic of Cr VI in acidic medium. At 350 nm a monotonic decrease in absorbance was observed and it could be described by a single exponential decay. Table 1 (Fig. 2) . This result was independently confirmed by following the redox reaction by EPR spectroscopy. The rate constant of the reduction of Cr VI by the saccharide (k 6 ) was found to be much lower than that of the reduction of Cr V (k 5 ). The fact that k 5 >> k 6 implies that the slow redox step involves the reduction of Cr VI .
Detection of the intermediate Cr VI ester Differential UV-vis spectra of mixtures of Cr VI and Lac exhibited an absorption band with l max = 377 nm (Fig. 3 ) consistent with that ascribed to Cr VI oxy-esters (52, 53) . At pH 4.7, the redox reactions of the studied disaccharides proceed very slowly with negligible reduction of Cr VI within the first hour. Thus, at this pH the ester formation step can be distinguished clearly from the electron transfer reaction. Spectra obtained within 2 min after mixing revealed a distinctive absorption band at 377 nm. Continued scanning for 30 min showed no further change in the spectra. Varying the excess concentration of disaccharide at pH = 4.7 showed that the absorbance at 377 nm increased with increasing concentration of disaccharide (Fig. 3) , probably as a result of a shift toward the ester in the esterification equilibrium. We have also performed the reaction of the disaccharides and Cr VI at a lower [H + ] than was used in the kinetic measurements to obtain information on the structure of Cr V species formed as intermediates in the reduction of Cr VI to Cr III .
Intermediacy of
In the pH 3-7 range and with a Lac-Cr VI ratio of 19:1, the EPR spectrum, taken 24 h after mixing, is composed (signals were deconvoluted by fitting the spectra to Lorentzian derivatives) of two triplets at g iso1 = 1.9800 and g iso2 = 1.9794 in an~1:1 proportion. Each of these triplets shows four weak 53 Cr (9.55% abundance, I = 3/2) hyperfine peaks at 16.5(3) × 10 -4 cm -1 spacing (Fig. 4b , Table 2 ). In the pH 5-7 range, the EPR spectrum of a 19:1 MalCr VI reaction mixture affords two triplets at g iso1 = 1.9795 and g iso2 = 1.9794 in a 1:1 ratio (Fig. 5a ). In the same pH range, a 16:1 Cel-Cr VI reaction mixture yields one triplet at g iso = 1.9793 (Fig. 5b, Table 2 ).
Mel behaves similarly to Lac. The best fit of the EPR spectrum of a 19:1 Mel-Cr VI mixture in the pH 3-7 range taken 24 h after mixing affords two triplets at g iso1 = 1.9802 and g iso2 = 1.9798 (Fig. 5c, Table 2 ). These two signals are present in a 1:1 ratio independent of pH.
The ultimate fate of the chromium in these reactions is a Cr III species, and a typical broad Cr III EPR signal, centred at g~1.98, is always observed at later times.
At room temperature and pH 5.0, the reaction of chromate with glutathione (1:1 ratio) in the presence of a 10-times excess disaccharide over Cr VI affords Cr V EPR spectra identical to those obtained by direct reaction of the disaccharide with Cr VI .
Discussion
Cr VI oxidation of disaccharides For the ranges of substrate and acid concentrations used in the kinetics measurements, the oxidation of the disaccharides by Cr VI is a complex reaction, yielding [Cr(H 2 O) 6 ] 3+ and the aldobionic acid as the final redox products. We propose a mechanism that takes into account: and with retention of the 4 C 1 chair conformation of the glycoside moiety. Taking into account that in the redox reaction only the anomeric hydroxyl group is oxidized, it seems reasonable to hypothesize that the complexes with the primary hydroxyl group bound to Cr VI (II, III) should be the precursors of the slow redox steps.
The slow redox step in the mechanism might take place by either a one-electron or a two-electron transfer (56) . The slow step proposed in Scheme 1 involves the intramolecular transfer of two electrons to yield Cr IV and the aldobionic acid (eq. [2] ). This is based on the mechanism reported for aldoses, which are also selectively oxidized by Cr VI at the hemiacetalic group with an initial two-electron transfer slow step (21) (22) (23) (24) (25) (26) (27) (28) . After the slow redox step, Cr IV is predicted to react with excess saccharide to yield Cr III and a disaccharide radical in a fast step (eq. [3] ). The latter is supported by the observed polymerization of acrylonitrile when it is added to the reaction mixture. The rapid reaction of the disaccharide radical with Cr VI affords Cr V (eq. [4] ), which can further oxidize the disaccharide to yield Cr III and the aldobionic acid as the final oxidation product (eq. [5] ).
The k H in the rate law corresponds to kK[H + ] in this mechanism. This means that the relative reactivity of the disaccharides may be interpreted by taking into account both the rate of formation of the Cr VI ester and its redox rate. Our experimental data show that the disaccharide-Cr VI chelate formation is much faster than the redox steps. For certain aldoses the rate constant for the formation of the aldoseCr VI chelate (K) in 0.75 M HClO 4 has been determined and was found to be 500-to 2000-times higher than the redox constant (k). Thus, the redox rate should depend, essentially, on the energy barrier the Cr VI chelate has to overcome to attain the five-membered cyclic transition state for the intramolecular H transfer (22) . The kinetics data show that the relative reactivity of the disaccharides toward Cr VI is Mel > Lac > Cel > Mal. If we compare the reactivity of these saccharides with glc, which is oxidized by Cr VI with a rate constant of k H = 9.9 × 10 -4 M -1 s -1 in 0.2 M HClO 4 at 33°C (22), we can observe that substitution of the O 4 H group of glc by the glycoside moiety results in the retardation of the redox rate, while substitution of the primary O 6 H accelerates the redox reaction. The retardation of the redox reaction observed for Mal, Cel, and Lac is probably related to the formation of the Cr
-disaccharide chelates (III). The probability for Mel to act as a tridentate ligand is very low because of the less favourable spatial orientation of the galactoside moiety; therefore, it shows the highest reactivity in the series.
Cr
V intermediates
The most common means of characterizing Cr V complexes in solution is EPR spectroscopy. The EPR spectral parameters, g iso and A iso , together with the proton superhyperfine (shf) coupling, are useful in determining the binding modes of sugars to the Cr V center (1, 22, 24, 26, 27, 57, 58 ). An empirical relationship between the nature and number of donor groups and the EPR spectral parameters of Cr V complexes has been established (1, 57) . Five-coordinate Cr V species show higher g iso and lower 53 Cr A iso values than the corresponding six-coordinate species (57, 59, 60) . Thus, the assignment of the structures of new oxo-Cr V species in solution was made according to the isotropic EPR parameters (g iso and A iso values) and the superhyperfine (shf) pattern of the signal (1, 59) .
The EPR spectrum of a Cr V -diolato species of sixmembered ring cis-diols yields a doublet, since only one proton is in the plane of the unpaired electron density of the Cr V ion, while the EPR spectrum of a Cr V -diolato species of six-membered ring trans-diols (with no protons lying in the ligand plane) yields a singlet (55) . Consequently, the EPR spectral multiplicity of the bis-chelate Cr V -diolato 2 species formed between Cr V and pyranosic cis-and trans-diols will exhibit a triplet and a singlet, respectively, which arise from the orientation of the ring protons of the coordinated diol groups with respect to the basal plane of the complex (1, 55, 57) . Based on this, the isotropic EPR parameters g iso and A iso were used to deduce the coordination number and nature of the donor groups of the Cr V species formed, either for the reaction of Cr VI with the disaccharides or for the reaction of Cr VI with glutathione in the presence of excess disaccharide, according to a described empirical method (1, 57, 59, 60) .
The cis-diolato moieties of the disaccharides under study are potential binding sites to give five-membered Cr V species. The five-membered Cr V chelates are the most thermodynamically favoured, and CrO 3+ shows a marked preference for binding to cis-rather than trans-diol groups of cyclic diols (21, 22, 29, 55 -diolato of Lac and Mel.
The contribution to the EPR signals from other species, involving trans-diolato moieties, should be small.
Lactose-Cr V
The reaction of Cr VI with a 20-times excess of Lac in the pH 3-7 range affords an EPR spectrum dominated by a single detectable signal at g iso = 1.9797 with the four weak 53 Cr (9.55% abundance, I = 3/2) hyperfine peaks at 16.5 × 10 -4 cm -1 spacing; the product remains in solution from several days to several months. When the modulation amplitude is lowered to 0.4 G, the EPR signal resolves into two triplets at g iso1 = 1.9800 and g iso2 = 1.9794 (A iso = 16.5(3) × 10 -4 cm -1 ,~50:50 g iso1 -g iso2 ratio) (Fig. 4b , Table 2 . The relative ability of the studied disaccharides to reduce Cr VI -Mel > Lac > Cel > Mal -can be attributed to the increasing stability of the intermediate disaccharide-Cr VI chelates formed with Mel through Mal. The redox and complexation chemistry observed for the disaccharide-Cr VI systems parallels that of aldoses. The glycoside moiety can retard the redox rate of the aglycone when additional binding to Cr VI by the glycoside moiety is possible. In the case of Mal, this effect reduces k H to one half of the value obtained for glc. , together with the selectivity of the redox reaction, suggest that the six-coordinate Cr V mono-chelate VII could be the precursor of the intramolecular electron-transfer reaction step in the redox reactions.
